This theoretical study conducted an X-ray fluorescence (XRF) analysis on specimen variation, with emphasis on variations on the thicknesses, density and particle sizes of specimens. The theoretical formula for X-ray fluorescence intensity was derived. These specimen variations were simulated using Monte Carlo Neutron-Particle Transport Code MCNP5. The Cu element X-ray characteristic peak counts were calculated. These variations made a conspicuous impact on the fluorescence intensity X-ray characteristic, in terms of theoretical formulas and calculations. There was a nonlinear relationship between thicknesses and count, except for thin specimens. As the density increased, the count increased in an exponential form for the saturated thick specimens. When the density reached 1
Introduction
At present, the application of the X-ray fluorescence analysis technique has been widely used, such as in the field of biology, petrochemicals, materials, food and so on [1] - [10] . In the X-ray fluorescence measurements, the matrix effects are
Theoretical Calculation
The basic hypotheses are conditions when the surface of the specimen is smooth, and the element in the specimen is distributed evenly. Setting the density of the specimen is ρ, α is the angle between the incident X-ray's beam and the specimen, and β is the angle between the direction of characteristic X-ray's beam and the specimen. The incident X-ray's fluorescence intensity of the primary-sectional unit is represented by 0 I , and the characteristic X-ray's fluorescence intensity is represented by x I . The characteristic X-rays are excited at the original depth x of the specimen by the incident X-ray's beam. Generally, the medium between the detector and specimen is air, and the distance between these is very small. Hence, the absorption of air and the detection window are ignored. The actual distance of the incident X-rays through the specimen is 
In Equation (1), µ is the absorption coefficient of the incident X-rays in the specimen. Assuming that the specimen is represented by S, the wavelength of the incident X-rays is represented by 0 λ , and µ is represented by 0 ( , ) S µ λ . Equation (1) can be replaced by Equation (2) .
In Equation (2), the combined mass absorption coefficient can instead be 0 ( , ) S µ λ when the specimen includes a variety of elements. In the specimen, the i element is intended to be analyzed. The incident X-ray is absorbed by the i element in a certain probability, and the characteristic X-rays are releasing from the dx layer in the specimen. According to the characteristic of the X-ray's absorption in the material, the cross-section of the photoelectric effect is larger than the scattering effect (2 -3 orders of magnitude).
Hence, the scattering effect can be ignored in the X-ray fluorescence analysis. If the i element is distributed uniformly in the specimen, and the content of the i H. F. Liu et al. Journal of Applied Mathematics and Physics element is represented by i C , the intensity of the characteristic X-ray from the dx layer is as follows:
In Equation (3), the i element is excited by the incident X-rays of wavelength
i i µ λ is the quality absorption coefficient. i E is the probability of the characteristic X-rays of the i element, which is excited by the incident X-rays of wavelength i λ . i E is also called the excitation factor.
The characteristic X-rays are released uniformly from all directions, and recorded within the solid angle of the detector only. With the dx layer to direct from the specimen to the detector, the crossing distance of characteristic X-ray is cos x β ⋅ . Hence, the fluorescence intensity of the characteristic X-ray is as follows:
In Equation (4), ( , ) i S µ λ is the absorption coefficient of the characteristic X-ray of the i element from the specimen. Let Equation (2) and (3) into Equation (4), there are:
Discussion:
(a) The thin thickness
Since the specimen is thin enough, the value of x is very small. Hence,
x e x − →
and dx x → . Substituting the value into Equation (5), the X-ray characteristic fluorescence intensity is:
The X-ray characteristic fluorescence intensity created from the detector was not theoretically consistent. The matrix effects exist in the interaction of the specimen's atoms. In addition, the intensity was either actually enhanced or weakened. The characteristic X-rays created by each atom in the thin specimen were independent of each other. In addition, the secondary X-ray fluorescence was not decayed. Therefore, the characteristic X-rays created by the detector can be recorded directly with no absorption or improvement. In this case, the matrix effect does not exist. In Equation (6), the parameters 0 . Then, Equation (6) becomes: The medium thickness can be considered since the incident X-rays have not yet reached the level that can penetrate the limit in the specimen. That is, the specimen's thickness has not reached its saturation thickness. In Equation (5), the thickness of the specimen is integrated from 0 x = to x X = , then:
Infinite thickness is equivalent to saturated thickness. In an infinite thickness specimen, the thickness is increasing and the X-ray characteristic fluorescence intensity gradually increases from the beginning. When thickness is equivalent to saturation, the intensity reaches the maximum. Even if the thickness is increasing, the intensity holds the line at this condition. In order to assume the thickness of the specimen range from zero to infinity ( x → ∞ ), Equation (5) can be express as Equation (10). Then:
In fact, the specimen's thickness is often greater than the thickness in incident X-rays through the specimen, especially rock, mineral and soil specimens. However, there are multi-components for these specimens. Interactions exist between the characteristic X-ray photons and the incident X-ray photons for each atom in the specimen. Hence, the characteristic X-ray photons were absorbed to some extent, or improved [17] . In the study conducted by Will JM et al., 50% of the background counts came from Rayleigh scattering or Compton scattering in the X-ray fluorescence spectroscopy analysis [18] .
In addition, the mass absorption coefficient was hard to accurately measure.
Hence, some relative measurement methods were used. In the energy dispersive X-ray fluorescence analyzer, the excitation source of the center or ring was applied. In this case, the detector was close to the excitation source, and even overlapped. Therefore, it can be approximated the geometric layout of the analyzer was in the orthogonal relationship, that is, / 2
Hence, Equation (10) can be simplified to:
If:
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Substituting K into Equation (11) , then:
Monte Carlo Model Descriptions

Basic Models
The basic model is shown in Figure 3 . The model's origin is at the center of the specimen's plane. The parallel direction of the specimen is the coordinate Y and the vertical direction of the specimen is the coordinate Z. The specimen's size is Φ 5 cm × 1 cm. The specific descriptions of these models are shown at sections 2.2 and 2.3.
Specimen Thickness Descriptions
The specimen's thickness varied in Figure 1 
Specimen Density Descriptions
In the MCNP5 code, the material card describes the element types and its proportion, and the data card records the calculation. The composition and density of the specimen determine the recorded energy value. In order to analyze the relationship between the specimen's density and the detector's response, two types of models were established in this study.
(a) Direct density alteration
In these models, the X-ray characteristic fluorescence counts can directly reflect the detector's response. Under this condition, the pure element specimen The specimen was mixed with the matrix material. Moisture was chosen in these models as the typical matrix material. As the proportion of the specimen changed, the density and X-ray characteristic fluorescence counts also changed.
In this case, the combined effects of the detector's response were recorded. In addition, the counts were decided by the specimen's density, and the proportion between the specimen and matrix material (moisture).
Specimen Particle Size Descriptions
In section 1, a uniform distribution for the specimen was assumed. However, a specimen with a uniform distribution hardly existed, except for liquid samples, the pure metal or alloy samples through full polishing, and so on. For solid specimens with different contents, the condition of particles with different sizes is the real objective, such as the powder samples, bulk samples, original ore samples, soil samples, etc. The particle sizes impact the background counts of the detector by changing the scattering effects and the absorption for X-rays. In general, analyte particles are called fluorescent particles and non-fluorescent particles. These particles can be divided into regular shapes (such as the sphere, cube, cylinder, etc.) and irregular shapes. For the effect degree for the measurement results, the maximum is the sphere, followed by the cylinder; and the minimum is the cube [19] . In order to simplify these models, there were two assumptions in this study.
(a) The particles in the specimens were all regular spherical shapes, and all the spherical particles were in uniform distribution;
(b) This study did not consider the overlapping of a particle's boundary layer inside the specimen. Figure 2 shows the evidence for dividing the specimen thickness as thin, medium and saturated in Equation (5).
Discussions
Specimen Thicknesses
For thin specimens (less than 0.0001 mm for Cu), incident X-rays directly pass through these specimens. This part of counts contributed by the excitation source cannot be recorded by the detector. In this case, the absorption and excitation in the specimen are independent of one another. The secondary X-rays were not attenuated. Hence, the absorption effects essentially disappear. The enhancement effects can be ignored. Therefore, the matrix effect does not exist in thin specimens.
In addition, the detector can record the characteristic X-rays directly excited by these specimens, but the fluorescence intensity of these X-rays is weak for the thin specimens. Cu's X-ray characteristic fluorescence peak counts were few. In Figure 2 , there was a linear relationship between thin thickness and Cu's X-ray characteristic fluorescence peak counts, which exhibited good consistency for Equation (7).
In Equation (9), the analyte's X-ray characteristic fluorescence intensity and its thickness revealed the non-linear relationship for medium thick specimens.
This can also be observed in Figure 2 . The range of Cu's medium thickness was from 0.0001 mm to 0.1 mm. At this range, the peak counts for Cu Kα show a close nonlinear relationship to its thickness.
For saturated thickness specimens, Figure 2 remains consistent with Equation (12) . In the XRF analysis, these measurement results were obtained by analyzing the thin layer in saturated thickness specimens. For example, the thickness of 0.1 mm for Cu in Figure 2 . Thus, the suitable thicknesses of specimens need to be prepared with the specimen's processing, especially for powder specimens, in order to avoid unnecessary waste.
Usually, the specimen's surface is not smooth enough, its humidity may be higher, and its composition is complex. Saturated thick specimens are always non-linear in practice. In Figure 2 , the peak counts for Cu Kα were not correlated to Cu thickness, compared to its non-linear relationship. In these Monte Carlo models, the specimens were pure Cu. Some assumptions were proposed, such as the surface was smooth. Hence, there was no nonlinear feature for saturated thickness Cu in Figure 2. 
Specimen Densities
A) Density impact with no matrix materials
Cu's X-ray characteristic fluorescence peak coun s increase in the exponential form in increasing the specimen density. In Figure 3 , the density reached 0.06
Linear Fit (Cu Kα ) According to Equation (10), the analyte's X-ray characteristic fluorescence intensity was proportional to its content. Pure Cu content was 100%. Hence, its counts were at a constant value, which is shown in Figure 3 .
B) Density impacts with matrix materials
Moisture was set as the matrix material in this study. In decreasing the matrix material's proportion and increasing the specimen density, the X-ray characteristic fluorescence peak counts increased in the exponential form, as shown in In Figure 3 , when the specimen content is 100% and its density was greater than 1
, the counts were constant for the specimen with no matrix materials. Figure 4 shows the non-linear characteristic. Since the matrix material's proportion was larger, the specimen's density was smaller, and the matrix materials (moisture) absorbed most of the X-ray matrix fluorescence counts. With increasing density, the matrix material's proportion decreased, and the matrix effects weakened. With increasing density, the counts were up to 4,860 cps (Figure 4) . Combined together with Figure 3 , when the matrix material's content was 0%, the specimen density tended to achieve its the true value (8.92
for Cu), and the counts of CuK α remained as a constant (approximately 4860 cps). Hence, the matrix effects changed the proportional relationship between X-ray fluorescence intensity and specimen density. This result was consistent with Equation (10) and the actual situation in the XRF analysis.
Specimen Particle Sizes
As the specimen particle sizes increased, the counts increased on the exponential form, which is shown in Figure 5 . The relationship between Cu Specimen's peak counts and particle size in the Monte Carlo simulation.
When the particle size was greater than 0.1 mm, the counts remained at a constant value (the maximum count) instead of increasing with the specimen particle size's increase. The reasons are as follows: When the sizes were small, the specimen's self-absorption was strong. The scattering effects cannot be ignored. As the sizes were increasing, the counts were rapidly increasing on the non-linear form. The sizes were greater than 0.1 mm, and the scattering effects were to the limit, but this background could be ignored, compared with the X-ray characteristic fluorescence peak counts. Hence, the Cu's peak counts exhibited a constant value in Figure 5 .
This conclusion is the same as the calculations of He Yancai et al. [9] , who deduced relational formulas between the X-ray fluorescence intensity and spe- 
Counts of Cu
Kβ Journal of Applied Mathematics and Physics cimen particle sizes. However, this conclusion was against the study conducted by Xie Zhongxin et al. [20] and Li Ping et al. [21] , which measured the results using an XRF analyzer. In the Monte Carlo models, the particle size's distribution was assumed as the idealization (Section 2.4). In He Yancai's formulas, the specimen particle size's distribution was also ideal. Hence, Figure 5 was the same as their calculations.
In fact, the specimens must be prepared before measurement, such as surface processing or polishing. In this case, the gap inside these specimens was filled with smaller particles. The scattering effects were reduced, as well as the matrix effects. Then, the specimens after processing were equal to the big particle size's specimens in the models. Hence, the conclusion in Figure 5 was against the actual measurement results of Xie Zhongxin and Li Ping.
Conclusion
Depending on the basic radioactive decay law, this study obtains the theoretical formulas for X-ray characteristics fluorescence intensity. The factors of the specimen's properties were discussed, such as thickness, density, particle size and so on. These factors make a conspicuous impact on X-ray characteristics fluorescence intensity in these theoretical formulas. The thicknesses of thin, medium and saturated for these specimens were put forward in the study. Various Monte Carlo models with the specimen's thickness, density and particle size have been established for XRF measurements. The X-ray characteristic fluorescence peak counts were calculated using the Monte Carlo Neutron-Particle Transport Code MCNP5. These results are consistent with the theoretical formulas. Therefore, these formulas can provide a theoretical correction for matrix correction in X-ray fluorescence analysis. In addition, conclusions calculated using the MCNP5 code can provide technical guidance for specimen preparation.
